Dynamo, a new zebrafish DVR detected from late gastrula on in the posterior neural plate, becomes restricted to the ventral region of the trunk neural tube, with the exclusion of floor plate and adjacent cells. Analysis of dynamo expression in zebrafish axial mutants indicated that dynamo expression in the ventral region of the central nervous system (CNS) is induced by axial mesoderm and maintained by notochord, but is independent of a differentiated floor plate. Ectopic Sonic hedgehog (shh) expression can up-regulate dynamo expression in the posterior neural tube providing evidence that cells of the posterior neural tube are competent to respond to shh signalling and that the close relationship between DVR members and hedgehog-related genes might also apply to vertebrate CNS development. 0 1997 Elsevier Science Ireland Ltd. All rights reserved
Introduction
A central problem in vertebrate neural development is to define the cellular and molecular mechanisms that control the differentiation of distinct classes of cells at defined positions within the embryo. Transplantation studies carried out mainly in mouse and chick have partially delineated the cellular mechanisms controlling dorsoventral (DV) patterning of the neural tube. The presence of notochord appears both necessary and sufficient to induce distinct ventral cell types, i.e. floor plate cells and motor neurons (reviewed by Placzek, 1995) . Floor plate induction requires a contact-dependent signal whereas diffusible signals appear to mediate the induction of motor neurons (Placzek, 1995) . In turn, floor plate itself is able to organise the ventral neural tube since it can recruit additional floor plate cells and trigger the formation of a new motor neuron population (Hatta et al., 1991; Placzek, 1995) .
Sonic hedgehog (shh), one of the vertebrate homologs of the Drosophila segment polarity gene, hedgehog (hh) (Ntisslein-Volhard and Wieschaus, 1980) , may mediate the ventralising effects of notochord and floor plate on * Corresponding author. Tel.: +33 144323978; fax: +33 144323988.
the neural tube (Placzek, 1995; Placzek and Furley, 1996) . Shh is expressed in notochord and floor plate and exhibits thresholds in its inducing activities (Placzek, 1995; Roelink et al., 1995; Placzek and Furley, 1996) . Shh is expressed in and mediates the signalling activities of several key organising centers which regulate central nervous system (CNS), limb and somite polarity (Ingham, 1994; Ingham, 1995) . In Drosophila, an important target of Hh signalling appears to be decapentaplegic (dpp), a member of the transforming growth factor-p (TGF-/3) superfamily, involved in patterning eye, wing and leg imaginal discs (Ingham, 1995; Ingham and Fietz, 1995) . Members of the TGF-P superfamily are secreted growth factors, several of which have been implicated in important regulatory roles in cell determination, inductive interactions, and tissue differentiation (reviewed by Hogan, 1996) . Depending on their degree of homology, TGF-P superfamily members can be grouped into four different classes: TGF-0 strict0 sensu, activins, dpp-vg-related (DVR) and mtillerian inhibiting substances (MIS) (Hogan, 1996) . During Drosophila imaginal disc development, Hh is thought to act as a short-range inducer to elicit a longrange morphogen, Dpp (Ingham, 1995; Zecca et al., 1995; Lawrence and Struhl, 1996) . Ectopic expression of The complete Dynamo ORP is presented, the putative signal peptide is boxed. The site of potential asparagine-linked glycosylation in the amino-terminal domain is indicated by a black dot. The RRSRR sequence preceding the putative proteolytic cleavage site (arrowhead) is underlined. The seven conserved cysteines residues in the C-terminal domain are in bold and underlined.
Hh in Drosophila limb imaginal disc or of Shh in chick limb primordium will induce the expression of DVRrelated molecules, DPP and BMP-2, respectively (Basler and Struhl, 1994; Laufer et al., 1994; Tabata and Kornberg, 1994; Ingham and Fietz, 1995) . During both invertebrate and vertebrate embryogenesis, genes of the DVR subfamily are frequently expressed in cell populations adjacent to domains which express Hh-related molecules (Bitgood and McMahon, 1995; Ingham, 1995) . Together, these results suggest that hh-related genes require the downstream activities of DVR-related signalling molecules (Roelink, 1996) . But to date, there is no example of an epistatic relationship between Hh-related members and DVR members during ventral neural tube formation. Rather, Shh and DVR-related factors have been reported to have opposite effects on the differentiation of the neural tube. Bmp4, Bmp7 and Dorsalin-l are DVR-related candidate inducers of dorsal neural tissue in chick embryos. They can also inhibit the ventralising activities of Shh protein or notochord and floor plate tissue suggesting that proper formation of the DV axis relies on a delicate balance between dorsalising and ventralising activities (reviewed by Lumsden and Graham, 1995) .
Our laboratory has been implicated in studying the involvement of ligands and receptors of the TGF-P superfamily (Wittbrodt and Rosa, 1994; Rissi et al., 1995; Renucci et al., 1996) in fish development. We previously reported the cloning of radar, a novel member of the DVR subfamily expressed during early zebrafish embryogenesis in the dorsal neural tube (Rissi et al., 1995) . We searched for radar-related genes expressed during early zebrafish embryogenesis which could be involved in patterning the neural tube. We report here the isolation and expression pattern of a novel DVR member. Dynamo is initially expressed and maintained in ventral posterior neural plate at the late gastrula stage. Slightly later, dynamo transcripts are also detected in the presumptive dorsal region of the neural plate. During somitogenesis, dynamo expression becomes restricted locally along the DV axis of the neural tube. At the end of somitogenesis, dynamo remains expressed in the ventral region of the spinal cord only, excluding the floor plate and adjacent neural cells. Study of the dynamic spatio-temporal expression pattern in axial mutant embryos suggests that notochord but not floor plate signalling is essential for proper dynamo expression within the neural tube. Furthermore, we show that Shh can upregulate dynamo expression in the posterior CNS.
Results

Isolation and sequence analysis of dynamo cDNA
We screened a cDNA library prepared from 1 day old zebrafish embryos with a probe corresponding to the Cterminus of the Radar protein (Rissi et al., 1995) . Out of lo6 pfu screened, 11 independent positive clones were isolated. Restriction and sequence analysis showed that these clones represent three different radar-related cDNAs, one of which, dynamo, is described here. The dynamo cDNA clone is 3.2 kb in length and includes a 110 bp 5' UT region, a single 1236 bp Open Reading Frame (ORF) and a 1.9 kb 3' UT region including a polyadenylation site and a poly-A tail (data not shown). Conceptual translation of dynamo ORF yields a protein of 4 12-amino acids (Fig. 1) . Dynamo predicted protein exhibits features typical of TGF-/3 related peptides including a proregion (l-287), a potential processing site, RRSRR at positions 288-292, conforming to the consensus site RXXR described for other TGF-/3 related proteins and a 120-amino acids C-terminal peptide including seven cysteines conserved within most TGF-/3 superfamily members. One potential N-glycosylation site is present in the pro-region of the protein (position 95). Dynamo protein sequence was examined by hydropathicity plot analysis. A stretch of hydrophobic amino acids in the N-terminal domain was found, identifying a putative signal peptide, suggesting that dynamo encodes a secreted protein. Alongside each branch, the percent amino acid identity with Dynamo is denoted. Members of the DVR subfamily are voluntarily more detailed and boxed. Vgr-J is considered to be the mouse homolog of the human BMP-6 gene, and the two proteins are included to indicate the degree of conservation exhibited by species homologs (Chang et al., 1994 : reviewed by Hogan, 1996 . Fig. 2A .
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Dynamo belongs to a subgroup of the DVR subfamily that includes zebrafish Radar (Rissi et al., 1995) , human CDMP-1 and bovine CDMP-2 (Chang et al., 1994) , mouse GDF5-7 (Storm et al., 1994) . Members of this group, arbitrarily called GDF group, are at the lowest similarity (79%) between each other with respect to their Cterminal domain (Fig. 2B) . They share much lower similarity, between 41 and 54%, with the other members of the DVR subfamily. Dynamo C-terminal peptide is most closely related to Radar and GDF6 with a similarity level of 89%, to a lesser extent to CDMP-2 (87%) and GDF7 (84%), and least with GDFS and CDMP-1 (79%) (Fig.  2B ). For comparison, mouse GDF6 is 96% similar to bovine CDMP-2 and mouse GDFS is identical to human CDMP-1, they may be homologs, respectively. We have isolated an other zebrafish clone that is most closely related to mouse GDFS and human CDMP-1 (91%) than to zebrafish Dynamo (89%) and Radar (88%) (Bruneau et al., unpublished data) . Thus, Dynamo is very unlikely to be the zebrafish homolog of mouse GDFS and human CDMP-1. To date, among identified sequences of higher vertebrate, Dynamo is most closely related to GDF6. But GDF6 is more closely related to Radar (93%) than to Dynamo (89%) and also unlike Dynamo, GDF6 and Radar share the same putative cleavage site. We analysed the spatial and temporal expression of dynamo mRNA by in situ hybridization on whole zebrafish embryos at different stages of development. Expression patterns were the same using antisense RNA probes from different parts of the cDNA, including the 3' UT region. No hybridization was detected with the sense RNA. Complementary studies using sections of paraffin-embedded, labelled embryos were used to define the tissues expressing dynamo. In this paper, we focus on the expression pattern within the CNS.
Dynamo expression is first detected in the neurectoderm near the end of gastrulation at 90% epiboly (9 hpf). Transcripts are restricted to ectodermal cells located at the dorsal midline within the posterior half of the embryo. To define the anterior limit of the dynamo expression domain, in situ hybridization was also carried out with a pax-b probe, which, at this stage, reveals the prospective posterior midbrain (Krauss et al., 1991) . At 95% epiboly (10 hpf), the rostra1 boundary of dynamo expression is clearly posterior to pax-b expression domain (Fig. 3A) , and can be located at the 1-somite stage (10.5 hpf) at the level of the first somite ( Fig. 3B ). At this stage, a small dorso-medial ectodermal thickening above the notochord provides the earliest morphological indication of the prospective neural plate. Histological analysis shows that dynamo is expressed throughout this thickening, but a DV gradient of expression is observed with more intense staining in the most ventral midline ectodermal cells adjacent to the notochord ( Fig.  3C) .
At the 5-somite stage, the caudal boundary of dynamo expression has moved caudally so that the overall length of the midline domain is about eight somites-long (Fig. 3D ). Cross-sections show that dynamo expression has intensified and homogenised along the DV axis of the medial thickening of the neural plate (Fig. 3E ). Dynamo expression has also spread laterally from the medial thickening so that it encompasses approximately two-thirds of the neural plate width. Additional dynamo expression is detected weakly in a small cluster of 2-3 cells in the lateral border of the neural plate. Dynamo transcripts are also detected in the future hypochord, a midline mesodermally-derived structure underlying the notochord, with unknown function (Halpem et al., 1995) . During early somitogenesis, the zebrafish neural plate undergoes convergence movements leading to the formation of the neural keel that appears to involve a mechanism similar to primary neurulation in other vertebrates, i.e. infolding of the neural plate, which is most likely caused by the continued convergence of ectodermal cells towards the prospective dorso-medial regions of the embryo (Schmitz et al., 1993; Papan and Campos-Ortega, 1994) . Neural fate maps indicate a correlation between the position of cells in the neural plate and the location of their progenies in the neural tube. Cell progenitors located medially come to lie ventrally in the neural tube, whereas the ones located laterally populate dorsal regions of the neural tube (Papan and Campos-Ortega, 1994; Woo and Fraser, 1995) . In an anterior-to-posterior progression, dynamo transcripts become restricted to the dorsal and ventral domains of the neural keel, but are absent from its intermediate and most ventral regions (Fig. 3F) . In a corresponding cross section, dynamo appears expressed in the two most dorsal neural cell layers, organised as an arch covered by a one-cell thick layer, the periderm, and in the ventral third of the neural keel. In contrast, dynamo transcripts are absent from the intermediate region encompassing two cell layers and no longer detected in the most ventral cells, corresponding to the presumptive floor plate and adjacent neural cells (Fig. 3G ).
togenesis. Restriction of dynamo expression along the anteroposterior (AP) axis of the trunk neural tube is illustrated in Fig. 4 . At the 23-somite stage (20 hpf), dynamo is clearly expressed within both the neural tube and the hypochord in an AP gradient with higher expression near the tailbud. The rostra1 boundary of dynamo expression in the ventral neural tube has regressed to the level of the fifth somite and will remain unchanged till the end of somitogenesis (Fig. 4A) . Along the AP axis, three main regions can now be distinguished.
In the posterior domain of expression, corresponding roughly to the tail but excluding the tailbud, the entire neural tube expresses dynamo (Fig.  4B ). More anteriorly, alternative expressing and nonexpressing areas are encountered along the DV axis of the neural tube, similar to the ones described at the 8-somite stage (Fig. 4C ). In the anterior trunk, dynamo is maintained only in the ventral CNS, excluding the floor plate and adjacent neural cells (Fig. 4D ). Upon completion of somitogenesis, dynamo transcripts are detected exclusively in the ventral spinal cord with the exclusion of the floor plate and adjacent neural cells.
Expression of dynamo in axial mutant embryos
Dynamo expression is specifically initiated and maintained in the prospective ventral neural plate, and may depend on the influence of axial mesoderm and/or floor plate cells. We analysed dynamo expression in embryos exhibiting various defects in either floor plate, notochord, or both structures. By the 14-somite stage, dynamo expression in the dorsal Cyclops (cyc) mutant embryos are unable to differentiregion of the neural tube starts to be down-regulated in a ate a floor plate, in the spinal cord deletion is limited to rostro-caudal wave that will proceed till the end of somifloor plate and adjacent neural cells (Hatta et al., 1994) . . However the level of dynamo expression in the mutant is greatly reduced compared to wild-type, although this is not obvious in (B) because the alkaline phosphatase colour reaction was allowed to proceed 3-4 times longer than in (A) to achieve similar staining. (CD) 24 Somite stage embryos were stained by two-colour in situ hybridisation to reveal dynamo (blue) and T (red) expressions. Because of the two-colour in situ hybridisation, embryos appear yellow and dynamo staining is less intense compared to a single-color in situ hybridisation. In a wild-type sibling embryo (C), ntl (red staining) is expressed in the notochord and the tail bud, albeit expression is not detected in the ntl mutant Meanwhile, cyc mutants exhibit normal arrangement of primary and secondary motor neurons (Hatta, 1992) . During somitogenesis, dynamo expression is specifically down-regulated in wild-type ventral neurectoderm cells (Fig. 5A ). This could be linked to the differentiation of floor plate cells and the acquisition of their patterning activities. During somitogenesis, cyc mutant exhibit a normal expression pattern of dynamo. Interestingly, although cyc mutant do not develop a recognisable floor plate, dynamo expression is normally down-regulated in the most ventral neurectoderm cells (Fig. 5B) . Therefore, dynamo down-regulation in the ventral midline and adjacent neural cells does not require a differentiated floor plate nor normal cyc activity. Spatio-temporal dynamo expression pattern appears normal in cyc embryos, although the level of dynamo expression is markedly reduced (see Fig. 6C ), suggesting that cyclops function is required for the correct level of dynamo expression.
Notochord development is impaired in both no tail (ntZ) and gloating head CfEh) mutants. Mutant phenotypes are distinct, and respectively due to mutations in the ntl gene, homolog to the mouse brachyuly gene and in the Jlh gene, homolog to the Xenopus Xnot gene (Schulte-Merker et al., 1992; Talbot et al., 1995) . In the trunk of ntl mutants, mesenchymal cells, which have failed to form notochord, occupy the midline, whereasflh mutants have muscle at this location (Halpern et al., 1993; Halpern et al., 1995; Melby et al., 1996) . In contrast to ntl mutants, Jzh mutants also exhibit defects in ventral neural cell types of the posterior spinal cord. Particularly, $h mutants develop a disrupted floor plate surrounded by a few primary and secondary motor neurons (Talbot et al., 1995) . The early phase of dynamo expression appears normal in ntl mutants (data not shown). However around the 10 somite-stage, dynamo expression is rapidly down-regulated in the entire neural keel. Towards the end of somitogenesis, dynamo mRNA can no longer be detected in ntl mutants, with the exception of low levels of expression in the most ventral region of the neural tube. In particular, in the tail where somites have fused and floor plate is absent, probably because axial mesoderm fails to extend, no dynamo expression is detected (Fig. 5D, see also Fig. 6E ). These results suggest that notochord differentiation is required for proper regulation of dynamo expression. In contrast to ntl mutants, the early phase of dynamo expression is altered in J'I~ mutants, i.e. detected in discontinuous group of cells along the AP axis of the trunk neural plate (data not shown). The later phase of dynamo expression is similarly altered, as illustrated at the 20 somite stage in Fig. 5E . Clusters of dynamo-expressing cells are dispersed along the AP axis of the trunk neural tube. These are located in the immediate vicinity of floor plate islands which can be recognized by their characteristic rhomboid shape (Fig. 5F,G) . In the anterior trunk neural tube, dynamo staining seems to be excluded from floor plate cells (Fig. SF) , whereas in the posterior trunk neural tube, dynamo ik also expressed by floor plate cells (Fig.  5G ). This observation is in agreement with the rostro-cauda1 progression of dynamo down-regulation observed in floor plate cells of wild-type embryos. Since both ntl and JIcl mutations affect dynamo expression pattern and are both required for proper notochord formation, we conclude that notochord signalling is essential for proper regulation of dynamo expression.
Exctopic Shh expression leads to ectopic and elevated dynamo expression in the posterior CNS of wild-type and mutant embryos
Among potential signals released by axial mesoderm, shh can pattern the ventral neural tube. Moreover, shh has been shown to regulate expression of dynamo-related molecules. We therefore tested the effect of ectopic Shh expression on dynamo expression.
Ectopic Shh expression was induced by synthetic RNA injection into zebrafish embryos. Control injections were carried out with P-galactosidase mRNA. Dynamo distribution was analysed in shh-injected and control embryos by in situ hybridisations with a dynamo RNA probe around the 20 somite stage. Amongst the P-galactosidase mRNAinjected embryos (n = 135, nine experiments), 97% presented neither obvious morphological defects nor altered dynamo expression patterns. Shh injected embryos exhibited morphological defects similar to those described previously (Krauss et al., 1993) . Remarkably, shh RNA injections did not alter the AP extent of dynamo expression in the neural tube; the rostra1 boundary of dynamo expression in control embryos (Fig. 6A) is identical to the one in shh-injected embryos (Fig. 6B) . However, it led to a reproducible (95%, n = 128, three experiments) uniform and elevated dynamo expression along the entire length of the DV axis of the posterior neural tube, even in floor plate cells (Fig. 6B) . Shh-injected embryos exhibit much stronger dynamo expression. Thus, Shh is sufficient to ectopically induce dynamo expression all along the DV axis of the posterior neural tube and is able to up-regulate dynamo expression.
We next examined the induction of dynamo by ectopic expression of Shh in two mutants exhibiting altered shh regulation. Cyc embryos express shh correctly in axial mesoderm, but fail to express shh in the ventral neural keel. Shh overexpression in cyc embryos induced (n = 41, three experiments) as in wild-type embryos uniform expression of dynamo in the trunk neural keel (Fig.  6D ). This finding demonstrates that, although cyc ventral midline cells do not differentiate into floor plate, they are able to respond to Shh signalling.
Ectopic dynamo expression can be induced by Shh, suggesting that shh expression may be essential for dynamo expression in the neurectoderm. Consistent with this hypothesis, during somitogenesis, dynamo expression in ntl mutants is down-regulated in trunk neurectoderm, whereas Shh is down-regulated in the underlying axial mesoderm (Krauss et al., 1993) . We therefore examined if ectopic shh expression could maintain dynamo expression in ntl embryos, in particular in the most caudal region of the neural tube where no dynamo expression is detected in uninjected ntl embryos (Fig. 6E) . Shh alone leads to ectopic and reinforced dynamo expression in the trunk and tail neural tube of ntl mutants (n = 45, three experiments) (Fig. 6F) , similar to that observed in wild-type injected embryos (Fig. 6B ). Injections experiments demonstrate that Shh is able to up-regulate dynamo expression in the posterior CNS, and is sufficient to maintain dynamo expression in ovo. This suggests that Shh possibly accounts for the in vivo maintenance of dynamo expression in the ventral neural tube.
Discussion
We described here the isolation and characterisation of dynamo, a new member of the TGF-@ superfamily from zebrafish. Comparison of the C-terminal domain of Dynamo protein with other members of the superfamily places it within the Radar-CDMP-GDFS-7 subgroup of the DVR subfamily, although the higher vertebrate homologs of dynamo may remain yet to be identified.
Dynamo is to date the earliest marker specijic of the posterior CNS
Shortly before completion of gastrulation, dynamo expression is observed in the epiblast layer, in ventral medial cells of the neural plate, suggesting that it is an early target for neural induction. These cells are fated to the ventral region of the neural tube, thus together with shh and axial, dynamo appears as one of the earliest markers of ventral neurectoderm (Krauss et al., 1993; Strlhle et al., 1993) . Although the presumptive neurectoderm appears outwardly homogeneous at this stage, dynamo is specifically expressed in the posterior CNS and is to date the earliest marker specific of posterior neural development. Our work provides molecular evidence that spinal cord progenitors are, like in brain regions, aligned in the expected rostrocaudal order of the eventual neural tube as deduced from neural fate map of zebrafish (SagerStrom et al., 1996) . The rostra1 boundary of early dynamo expression is at the first somite. By definition, the zebrafish spinal cord proper is demarcated from the hinbrain by the dorsal commissure of Haller, which can be found at the level of the third myotome in 5 day old zebrafish embryos (Myers, 1985) . Spinal cord rostra1 segments are displaced a short distance caudally relative to the myotomes. Thus the early rostra1 boundary of dynamo expression corresponds roughly to the hindbrain/spinal cord boundary.
Dynamo expression becomes restricted along the DV axis of the neural tube
During somitogenesis, dynamo expression is progressively restricted along the DV axis according to an anterior-to-posterior wave that may relate to the rostrocaudal maturation of the trunk CNS. However, dynamo expression in its most caudal domain is still homogeneous along the DV axis of the neural tube, even after somitogenesis is completed. This may be related to the fact that the organisation of the most caudal zebrafish spinal cord appears significantly different in its gross morphology from more rostra1 segments. Caudally, the zebrafish spinal cord consists of a single layer of ciliated epithelial cells at the level of the last few myotomes (Myers, 1985) .
During early somitogenesis, dynamo expression in the medial thickening spreads progressively on the sides of the neural plate to recruit more lateral cells. A major transition occurs around the 5 somite stage, when in addition to its expression in the medial region of the neural plate, weak dynamo expression is detected in cells located at the border of the neural plate, but a non-expressing area separates these two sites of dynamo expression. A repressive signal might act in this region to prevent the expansion of dynamo expression to the whole posterior neural plate.
During formation of the neural keel and following an anterior-to-posterior wave, dynamo becomes restricted to the dorsal region of the neural keel, where sensory neurons and trunk neural crest cells will originate, and to the ventral region, where motor neurons will develop, suggesting an important role in the coordinated signalling cascades operating in the neural tube to specify the different cell types. Ventral and dorsal expressions observed in the neural keel (Fig. 3G ) could be relevant to the convergent movements toward the midline of dynamo expressing progenitors cells located in the medial region and in the lateral edges of the neural plate, respectively (Fig. 3E) . However, zebrafish neural maps show that progenitors cells located in the lateral border of the neural plate will not all achieve a dorsal location. Most likely then, a specific down-regulation of dynamo expression may occur in the intermediate region of the neural keel as it is the case in the ventral midline and adjacent neural cells.
Starting at the 15 somite stage, a progressive anteriorto-posterior down-regulation of dynamo expression occurs in the dorsal region of the neural tube. Specification of the dorsal region of the neural tube has been shown to rely on signals emanating from dorsal neural tube and non-neural ectoderm (reviewed by Smith, 1993; Lumsden and Graham, 1995; Selleck and Bronner-Fraser, 1995) . Dynamo expression in the dorsal neural tube might be regulated by those factors as well.
Interestingly, dynamo expression is correlated both temporally and spatially with somitogenesis.
Dynamo is expressed just prior to the onset of somitogenesis and persists until its end and dynamo expression domain in midline tissue is surrounded by segmented paraxial mesoderm. Although signals emanating from the neural tube are known to influence somite differentiation, the factors involved remain to be identified (Pourquie et al., 1993; Mtinsterberg and Lassar, 1995; Spence et al., 1996) . Dynamo must be a secreted factor considering its molecular structures, and therefore is an attractive candidate for such an activity. In turn, paraxial mesoderm could be involved in regulating dynamo expression in the posterior CNS.
Notochord signalling is essential for proper dynamo expression
The influence of axial mesoderm on the regulation of dynamo expression was investigated in ntl andJlh mutants, which lack a differentiated notochord. Dynamo expression is properly initiated at late gastrula stage in ntl mutants, demonstrating that the early phase of dynamo expression is independent of ntl activity. Notochord precursors in ntl mutants are thought to provide the signalling activity which induces proper ventral neural tube patterning (Halpem et al., 1993) , and probably account as well for dynamo activation. In contrast, in the trunk of JN2 mutants, the ability of axial mesodermal cells to induce proper ventral neural tube patterning seems partly blocked (Talbot et al., 1995) . Activation of dynamo expression is altered in $h mutants demonstrating that the early phase of dynamo expression is dependent on $h activity. Taken together, these results strongly suggest that dynamo activation is dependent on proper axial mesoderm signalling.
The later phase of dynamo expression is altered in ntl mutants, demonstrating that ntl activity is required for the maintenance of dynamo expression. Abnormal dynamo down-regulation in ntl mutants is concomitant with or subsequent to the differentiation of notochord in wild-type embryos, suggesting that notochord differentiation is a necessary step for the maintenance of proper dynamo expression.
Floor plate is normal in ntl mutants and is, therefore, insufficient for proper maintenance of dynamo expression. At most, it could account for the residual expression in the trunk neural keel, then the absence of expression in the rudiment tail of ntl mutants is consistent with the absence of both axial mesoderm and floor plate. In fib mutants, dynamo is weakly expressed in regions which neighbour clusters of floor plate cells, and absent from regions devoid of floor plate. This result is in keeping with floor plate providing weak signals for dynamo maintenance.
Moreover, cyc mutants are devoid of floor plate, but exhibit a normal pattern of dynamo expression. Together, these results argue against a major role for floor plate signalling in the control of dynamo expression.
Dynamo down-regulation in the ventral midline and adjacent neural cells is independent of a diflerentiated floor plate
During somitogenesis in wild-type embryos, dynamo expression is maintained in the ventral third of the CNS, where in particular motor neurons will develop. In the floor plate and neural adjacent cells, dynamo is progressively and specifically down-regulated with respect to the AP axis. Maintenance and down-regulation of dynamo expression represent new temporal and spatial markers for trunk ventral neural tube patterning. The cyc mutation affects DV patterning in fish, resulting in the loss of shh and axial expression in the ventral midline and in failure to differentiate a floor plate. Dynamo expression is markedly weaker in cyc embryos but this phenomenon is not specific for neural tissue since it is also observed in a non-neural structure, the hypochord. A similar down-regulation of goosecoid has been described in non neural structures of cyc mutants suggesting that cyc might control gene regulation in a general manner rather than being involved exclusively in the control of floor 'plate formation (Thisse et al., 1994) . Besides this weaker expression, dynamo regulation in ventral midline cells appears normal. Thus the pattern of dynamo expression appears independent of cyc activity and of floor plate differentiation.
This suggest that ventral midline and adjacent neural cells of the cyc neural tube may have kept a ventral character although they do not express other ventral markers such as shh or axial.
Shh overexpression can induce higher and ectopic dynamo expression restricted to the posterior CNS
Three lines of evidence prompted us to analyse the regulation of dynamo by Shh. First, dynamo expression is initiated in ventral CNS structures which can be induced by Shh. Second, shh expression domains, before and during somitogenesis, either overlap with or border dynamo expression domains, including hypochord and ventral CNS. Third, dynamo is related to Drosophila dpp and vertebrate BMP genes which have been shown to be regulated by Drosophila hh and shh, respectively.
Ectopic Shh expression in wild-type embryos leads to increased and ectopic dynamo expression, demonstrating that Shh can up-regulate dynamo expression. Shh induces uniform expression throughout the posterior neural tube, indicating that all trunk and tail CNS cells, regardless of their DV location, are competent to respond to Shh signalling and express dynamo. Ectopic Shh expression in cyc mutant embryos also leads to uniform ectopic dynamo expression along the DV axis of the trunk neural tube. Thus ventral midline mutant cells, which have been shown by transplantation/mosaic analysis to be unable to differentiate into floor plate cells, are, however, competent to respond to Shh signalling. This suggest that either the cyc mutation is downstream of Shh signalling, or Shh signalling involves independent pathways, one for floor plate differentiation and another for dynamo expression. Further experiments are needed to distinguish between these two hypotheses.
No ectopic dynamo expression is seen anterior to the normal rostra1 boundary of expression. In contrast, shh induces other markers like Nk2.2 and axial/HNF3/3 in the anterior CNS but not in the spinal cord except in its most anterior domain (Krauss et al., 1993; Barth and Wilson, 1995; Hammerschmidt et al., 1996) . We provide the evidence that posterior neural cells are also competent to respond to Shh signalling in vivo. Differential response to Shh signalling must be dictated by prior anterior-posterior patterning within the CNS. Control of gene regulation along the A/P axis of the CNS may rely in general on differentially distributed cues (Ericson et al., 1995; Fukushima et al., 1996; Hammerschmidt et al., 1996; Sagerstrom et al., 1996) . The differential regulation of dynamo, axial and Nk2.2 may provide a mean to identify these cues, that can be environmental or cell autonomous (Nakagawa et al., 1996) .
Putative relationship between shh-related molecules and dynamo expression
The up-regulation of dynamo by ectopic Shh expression suggests that shh-related molecules could be involved in vivo in the regulation of dynamo expression. Sources of Shh-like signals include notochord, floor plate and lateral neural plate (Echelard et al., 1993; Krauss et al., 1993; Ekker et al., 1995a; Ekker et al., 1995b; Currie and Ingham, 1996) . Studies of mutant embryos have indicated the key role of notochord in the regulation of dynamo expression. Thus, notochord appears to be the most likely source of Shh-related signals.
The involvement of BMP signals in patterning processes and the inducibility of dynamo by Shh, involved in CNS patterning, together strongly suggest that dynamo plays a key role in the spatial organisation of the embryonic spinal cord. Overexpression of dynamo by mRNA or cDNA microinjections at high concentrations interferes with gastrulation thereby preventing analysis of its function in the CNS. These defects consist primarily in the inhibition of convergence movements of cells toward the dorsal side at gastrulation.
Embryos are then too malformed to be easily analysed. This phenomenon appears non-specific since it is not uncommon in fish: in our hands injections of other RNAs (F. Rosa, unpublished) at too high concentrations, often leads to a similar result. Analysis of dynamo activity relying on the use of alternate model systems is currently underway. We also started the cloning of putative dynamo homologs in higher vertebrates. The study of their expression patterns should give us precious information concerning putative functions of dynamo and the development of zebrafish CNS compared to higher vertebrate CNS.
Experimental procedures
Fish stocks
Breeding fish were maintained at 28.5"C. Embryos were collected by natural spawning and staged up to 24 h (30 somites) according to Westerfield (1994) . Laboratory strain (C32), no tail (ntlb195) and floating head (flhN1) heterozygous fish were obtained from C. Kimmel and cyclops (cycb216) heterozygous fish from J.-P. Concordet.
Isolation of dynamo cDNA clone
A zebrafish post-somitogenesis cDNA library was screened with a 383 bp PstI cDNA fragment from plasmid RI-1 (Rissi et al., 1995) under low stringency conditions (as described by Rissi et al., 1995) . A single clone containing 3.2 kb of cDNA was isolated, subcloned, and sequenced with Sequenase Version 2.1 dideoxynucleotide sequencing kit (USB). Dynamo sequence has been submitted to the EMBL Database Library, accession number is X99769.
In situ hybridisation
Whole-mount in situ hybridisations were carried out as described by Hauptmann and Gerster, 1994 . Dynamo probes comprising either the entire 3.2 kb cDNA clone or the 1.9 kb 3' UT region were optimal. Ntl probe was synthesised from the full length cDNA. The vitellus of some of the 20-24 somite stage embryos was removed with forceps.
Histological analysis and photographs
Whole-mounted embryos were embedded in paraffin and sectioned (5 pm) (as described by Rissi et al., 1995) . Photographs of both whole-mounted embryos and sections were taken on a Leica microscope with Nomarski optics.
RNA injections
Shh RNA for injections was derived from the pSP64T-shh plasmid (kindly provided by J.-P. Concordet and Philip Ingham) (see Krauss et al., 1993) . RNA for microinjections was transcribed in vitro with reagents from Ambion (Megascript Kit). Several picoliters were injected by a pressure-pulse at a concentration of 0.1 mg/ml into the cytoplasm of zebrafish embryos during the first cell cycle. For control injections, RNA encoding P-galactosidase was injected at the same concentration as shh RNA.
